Translational regulation of the protamine 1 mRNA is mediated by sequences in its 3 untranslated region. In this study, we demonstrate that a highly conserved sequence, the translational control element, is solely responsible for protamine 1 translational regulation. Mutation of the conserved sequence causes premature translation of a transgene containing a fusion between the human growth hormone coding sequence and the protamine 1 3 untranslated region. Temporal expression of the transgene was monitored in prepubertal animals by Northern and Western blotting and in adult animals by immunocytochemistry. Messenger RNAs lacking the translational control element sediment in the messenger ribonucleoprotein particle and ribosomal fractions of polysome gradients, suggesting that the translational control element is required for translational repression but not for incorporation of mRNAs into ribonucleoprotein particles.
INTRODUCTION
Protamines are small arginine-rich proteins that mediate nuclear condensation during the terminal stages of spermatid differentiation. Protamine transcription starts in round spermatids and continues until global transcription ceases in elongating spermatids. During this time, the protamine mRNAs are stored in the cytoplasm as messenger ribonucleoprotein particles (mRNPs) and are not activated for translation until 1 wk later in elongated spermatids [1] . Proper translational regulation of the protamines is biologically important, as premature translation of the Prm1 mRNA leads to precocious nuclear condensation and arrests spermatogenesis at the round spermatid stage [2] .
The 3Ј untranslated region (UTR) of the Prm1 mRNA is necessary and sufficient for its translational regulation [3] . When linked to a transgenic reporter cassette, the Prm1 3Ј UTR leads to Prm1-like translational delay of the reporter mRNA in vivo. Two separate regions in Prm1 3Ј UTR confer translational repression in transgenic animals [4] . The first region, which maps to the 5Ј half of the 3Ј UTR, contains a 7-nucleotide (nt) Y-box recognition se- quence (YRS), and is bound by the Y-box proteins MSY2 and MSY4 [5] . The second region maps to the 3Ј half of the 3Ј UTR [6] . It contains two copies of a repeated sequence that forms a stem-loop structure with a complementary sequence located between them [7] . The secondary structure within this region may be important for interacting with the double-stranded (ds)RNA binding protein PRBP [7] . Mice carrying a targeted deletion of the gene that encodes PRBP show a deficiency in the translational activation of the endogenous protamine mRNAs and a transgenic mRNA with the wild-type Prm1 3Ј UTR [8] .
A testis/brain RNA-binding protein, TB-RBP, binds to the Y-and H-boxes in the Prm2 3Ј UTR and represses translation of a reporter mRNA in rabbit reticulocyte lysates [9] . The Y-and H-boxes are found in many transcripts expressed in the testis and brain, including Prm1, Prm2, Tnp1, and Tau [10] . It has been suggested that TB-RBP is a microtubule-associated protein that attaches Y-and H-boxbearing transcripts to the cytoskeleton and transports the mRNAs to specific sites where they are translated [10] . Biochemical purification and sequencing revealed that TB-RBP is the mouse homolog of human translin, a recombination protein associated with chromosomal translocations [11] .
In this study, we have tested the importance of different regions of the Prm1 3Ј UTR in translational control. The presence of a highly conserved sequence in the 3Ј end of the 3Ј UTR, but not the YRS, the Y-and H-boxes, or a double-stranded structure, is required for translational control in vivo.
MATERIALS AND METHODS

Transgenic Constructs
DNA sequences corresponding to variants of the Prm1 3Ј UTR were inserted into a translational reporter cassette described previously [3] . This reporter cassette contains a 4.1-kilobase (kb) mouse Prm1 5Ј-untranscribed sequence, a 159-base pair (bp) chimeric 5Ј UTR (91-bp Prm1 5Ј UTR, 7-bp linker sequence, and 61-bp human growth hormone [hGH] 5Ј UTR) and the complete hGH coding exons and introns. Transgene Prm1 69-156 encodes an mRNA containing 87 nt of the 3Ј-most region of the Prm1 3Ј UTR. It was derived from plasmid mP1-hGH-mP1 [3] by Bal 31 nuclease digestion. Transgenes Prm1 71-156(TCE*) and Prm1 71-156(CST*) encode mRNAs that contain 86 nt of the 3Ј-most region of mutant versions of the Prm1 3Ј UTR. The sequence of each 3Ј UTR is shown in Figure 1A . Both plasmids were constructed by inserting oligonucleotides containing the mutant 3Ј UTRs into a cloning vector derived from mP1-hGH-mP1 [3] by Bal 31 nuclease digestion. Transgene Prm1 1-156(TCE*) encodes a 160-nt 3Ј UTR that contains the same substitution mutations present in Prm1 71-156(TCE*) . The Prm1 1-156(TCE*) transgene was constructed by ligation of a polymerase chain reaction (PCR) fragment containing the first 72 nt of the wild-type Prm1 3Ј UTR, and a BamHI restriction fragment containing 86 nt of the 3Ј UTR present in Prm1 71-156(TCE*) , into a cloning vector derived from mP1-hGH-mP1 [3] by Bal 31 nuclease digestion. A 4-nt insertion (Fig. 1A) was introduced during the ligation; 1 nt was contributed by the oligonucleotide used for PCR; the other 3 nt were generated by filling in a BamHI restriction site with Klenow. A 140-bp Prm1 genomic sequence downstream of the polyadenylation signal site was also included in all of the transgenes to ensure proper 3Ј-processing of the reporter mRNAs. The region encoding the 3Ј UTR of each transgene was verified by DNA sequencing.
Microinjection and Breeding
Purified DNA fragments containing each construct were dissolved in 10 mM Tris pH 7.5, 0.25 mM EDTA at 2 ng/ l, and injected into the pronuclei of FVB/N(Tac) eggs (Taconic Labs, Germantown, NY). Eggs that survived the microinjection were transferred into the uterus of Day 2.5 postcoitus pseudopregnant B6CBAF 1 /(Tac) females. Transgenic animals were identified by PCR amplification of the transgenic sequence from tail DNA. Positive animals were then bred with FVB/N(Tac) males or females to establish transgenic lines. Two or three high-expressing lines from each construct were analyzed. Several animals were analyzed for each construct. The data presented are representative of all animals for all lines for a given transgene. All animal experiments were conducted in accordance with the Guiding Principles for the Care and Use of Research Animals promulgated by the Society for the Study of Reproduction.
Polymerase Chain Reaction Genotyping
Transgenic animals were identified by PCR using tail DNA samples as previously described [12] . PCR reactions were set up with two sets of primers amplifying the hGH transgene: hGH-1 and hGH-2 for the first intron, and hGH-3 and mP1-4 for the 3Ј UTR. An additional primer, mP1-1, was also included as an internal control that amplified the endogenous Prm1 3Ј UTR with mP1-4. The primer sequences were hGH-1, 5Ј cag cga cct gta gat ggg ac; hGH-2, 5Ј ccg gag agc aag agg cca gc; hGH-3, 5Ј ggg ctg ctc tac tgc ttc ag; mP1-1, 5Ј cgg gat cca cat ctt gaa aaa tgc cac; mP1-4, 5Ј cgg gat cgg tac agg tgg ctt ggt agt c. Twenty-microliter PCR reactions were run on a Perkin-Elmer 9600 using the following conditions: 93ЊC 1 min, then 40 cycles of 93ЊC for 30 sec, 55ЊC for 30 sec, 65ЊC for 30 sec, with a final extension at 65ЊC for 4 min. PCR products were resolved on a 3% agarose gel.
RNA Analysis
Total RNA was extracted from testes by guanidinium isothiocyanate, followed by lithium chloride precipitation, as previously described [13] . RNA samples (10 g) were separated on a 1.5% agarose gel containing 2.2 M formaldehyde and then transferred to a nylon membrane. Hybridization was carried out at 42ЊC in 50% formamide, 3ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 50 mM NaH 2 PO 4 , 100 g/ml sonicated herring sperm DNA, 10% dextran sulfate, 0.5% SDS, and ␣-32 P-labeled probe. Probes were prepared from a 0.8-kb hGH cDNA fragment, a 0.6-kb Prm1 cDNA fragment, and a mouse actin cDNA fragment by random hexamer labeling.
Western Blot Analysis
Protein extracts were prepared by homogenizing testes in 10 mM Hepes, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM dithiothreitol, and centrifuged at 3000 ϫ g for 10 min. The supernates (80 g) were resolved on a 12% SDSpolyacrylamide gel and then electroblotted onto a nitrocellulose membrane (Gibco BRL, Gaithersburg, MD). Blots were blocked in 5% nonfat dry milk in PBS (BPBS) and subsequently incubated with rabbit anti-hGH antibody (obtained from the National Hormone and Pituitary Program, Baltimore, MD) diluted 1/200 in BPBS. After washing once in BPBS ϩ 0.05% Tween-20 and twice in BPBS for 20 min, blots were incubated with goat anti-rabbit immunoglobin G antibody conjugated to horseradish peroxidase (Bio-Rad, Hercules, CA) in BPBS for 2 h. The blots were then washed three times with BPBS for 20 min, and the peroxidase activity was visualized using a SuperSignal chemiluminescent kit (Pierce, Rockford, IL).
Immunohistochemistry
Testes were fixed in Carnoy fixative (60% ethanol, 30% chloroform, 10% acetic acid), embedded in paraffin, and cut into 5-m sections. Sections were deparaffinized in xylene and rehydrated following standard procedures. The slides were then blocked with 3% goat serum for 1 h, incubated with 1:200 dilution of a rabbit anti-hGH antibody in PBS with 3% goat serum at 4ЊC overnight. The slides were then washed twice in PBS, and biotinylated secondary antibody and streptavidin conjugated to horseradish peroxidase were used as suggested by the manufacturer (Zymed Laboratories, Inc., South San Francisco, CA). Peroxidase activity was visualized with chromogen aminoethyl carbazole. Sections were counterstained with hematoxylin, and tubules were staged based on the position and the morphology of the spermatids following the guidelines by Russell et al. [14] .
Polysome Gradient
Testes were homogenized in 1 ml HNM buffer (20 mM Hepes, pH 7.6; 100 mM NaCl; 1.5 mM MgCl 2 ), and centrifuged in a microfuge tube at 13 800 ϫ g for 2 min. The supernatant was then laid on top of a 10-ml 15-50% linear sucrose gradient in HNM, centrifuged in a Beckman SW41Ti rotor at 41 000 rpm for 110 min. The samples were kept at 4ЊC throughout the whole procedure. The gradient was then collected into 1-ml fractions using a gradient fractionator with A 254 reading. Total RNA was extracted from each fraction by proteinase K digestion, followed by phenol/chloroform extraction and ethanol precipitation and was subjected to Northern blot analysis. Control experiments were carried out for each polysome gradient by replacing the MgCl 2 with 20 mM EDTA in HNM buffer to dissociate the polysomes.
RESULTS
Design of the Transgenes
The full-length Prm1 3Ј UTR consists of 156 nt (Fig.  1A) . Within the 3Ј half of the 3Ј UTR are two copies of a repeated sequence, herein referred to as the translational control element (TCE) and a partially complementary sequence of the TCE (CST). The TCE adjacent to the polyadenylation signal (AAUAAA) is highly conserved between the Prm1 and Prm2 3Ј UTRs from several species (Fig. 1B) , suggesting it may be an important translational regulatory element. RNAs containing the TCE and CST bind the dsRNA binding protein PRBP in vitro, suggesting that the two sequences interact to form a stem-loop structure [7] (unpublished results).
To determine if the TCE, CST, or the putative stem-loop structures formed through base-pairing of the TCE and CST are important for translational repression of Prm1, several random base changes were generated in each region (see Fig. 1A ). The 3Ј half of the Prm1 3Ј UTR with either mutated TCE sequences (Prm1 71-156[TCE*] ) or a mutated CST sequence (Prm1 71-156[CST*] ) was linked to a Prm1-hGH cassette (Fig. 1A ) and used to generate transgenic mice. A wild-type construct (Prm1 69-156 ) was also included as a control. These experiments allow the function of the TCE, CST, and the stem-loop structures to be tested individually. Mutations in the TCE or CST sequence should eliminate potential stem-loop structures and, if secondary structure is important, abolish translational control. However, if either of these transgenes is regulated properly, it would suggest that the primary sequence of the TCE or CST, and not secondary structure, is required for translational repression.
TCE Sequence Is Required for Translational Repression In Vivo
DNA fragments containing the Prm1 69-156 , Prm1 71-156(CST*) , and the Prm1 71-156(TCE*) transgenes were injected into the pronuclei of fertilized eggs. A total of six animals carrying the Prm1 69-156 transgene and four each carrying the Prm1 71-156(CST*) and the Prm1 71-156(TCE*) transgenes were generated. Each animal was then bred to establish a transgenic line, and the expression level of the hGH reporter gene in each line was assessed by immunohistochemistry using an hGH antibody. Two high-expressing lines for each transgene were further analyzed.
To determine whether each transgene was translationally regulated like the endogenous Prm1, Northern and Western blot analyses were carried out using prepubertal and adult testes. In mice, the first round of spermatogenesis is synchronous; it starts a few days after birth and lasts about 34 days [15] . The Prm1 mRNA first becomes detectable by Day 25 and is fairly abundant in Day 28 testes [3] . As shown in Figure 2 , while the Prm1 69-156 and the Prm1 71-156(CST*) transgenic mRNAs accumulated in Day 28 testes, there was no hGH protein detected from these two transgenes at this timepoint, suggesting they were repressed for translation. The hGH protein became detectable in Day 32 testes from both transgenic lines, indicating that these transgenic mRNAs were capable of being translated. In contrast, translation of the Prm1 71-156(TCE*) transgene was not delayed. In animals carrying this transgene, a significant amount of hGH protein was already present at Day 28, and by Day 32 the hGH RNA and protein levels were comparable to those in the adult testis. The failure to accumulate higher mRNA and protein levels in the adult for the Prm1 71-156(TCE*) transgenics is presumably a consequence of premature translation of the transgenic mRNA. We have previously shown that relative to mRNAs that are under translational control, premature translation of hGH reporter mRNAs causes mRNA decay and lower steady-state levels of total mRNA [3] .
These results suggest that the translation of the Prm1 69-156 and the Prm1 71-156(CST*) transgenes is properly regulated, while the translation of the Prm1 71-156(TCE*) transgene is not. Immunohistochemical analysis of adult testis sections confirmed this conclusion (Fig. 3) . The hGH protein was not detected in round and elongating spermatids from Prm1 69-156 and Prm1 71-156(CST*) transgenic lines (Fig. 3 , A and C) but was detected in later stage elongated spermatids (Fig. 3, D and F) . In animals carrying the Prm1 71-156(TCE*) transgene, however, hGH was detected in round and elongating spermatids, leading to its accumulation in the acrosome (Fig. 3B) [3] . RNA in situ hybridization confirmed that all three transgenes were transcribed in round spermatids (data not shown). Proper translational delay of the Prm1 71-156(CST*) transgene, but not the Prm1 71-156(TCE*) transgene, suggests the TCE nucleotide sequence is necessary for Prm1-like translational regulation. The CST sequence, and presumably the stem-loop structures formed between the CST and TCE sequences, are not required. 
Polysome Analysis
Translational repression of Prm1 is correlated with its assembly into a cytoplasmic mRNP. To determine if the transgenic mRNAs used in this study are assembled into mRNPs, polysome gradients were performed on each of the transgenic lines. As expected, a significant portion of the translationally repressed transgenic mRNAs and the endogenous Prm1 mRNA sediment in the mRNP fractions prepared from adult animals (Fig. 4, B and D, lanes 1 and 2) . Surprisingly, a significant portion of the nonrepressed Prm1 71-156(TCE*) mRNA also sedimented in mRNP fractions (Fig. 4C, lanes 1 and 2) . These results suggest that although the TCE is required for translational repression, it is not necessary for incorporation of mRNAs into mRNPs.
YRS Sequence Does Not Function as a Translational Repressor Element
Previous studies have shown that a region in the 5Ј half of the Prm1 3Ј UTR can repress translation in vivo [4] . Within this region is the 7-nt YRS that interacts with the Y-box RNA binding proteins, MSY2 and MSY4 [5] . The transgenic construct implicating the YRS as a translational repressor element deleted most of the Prm1 3Ј UTR sequence, placing the YRS next to the poly(A) signal site [4] . To investigate whether the YRS can function as a translational repressor element at its normal position within the Prm1 3Ј UTR, we generated a transgenic construct (Prm1 1-156[TCE*] ) that contained the full-length Prm1 3Ј UTR with mutated TCEs (Fig. 1A) . Because mutation of the TCE sequences abolishes Prm1-like translational regulation mediated through the 3Ј half of the Prm1 3Ј UTR, any potential translational repression of the Prm1 1-156(TCE*) transgene would have to be mediated through sequences that reside in the 5Ј half of the 3Ј UTR.
A total of seven different lines of animals were generated carrying the Prm1 1-156(TCE*) transgene, and three highexpressing lines were kept for further study. Immunohistochemistry revealed that the hGH protein was first detected in stage VII round spermatids (Fig. 5A) , suggesting that the Prm1 1-156(TCE*) transgene was not under translational control. The hGH protein accumulated in the acrosome of stage X and XII elongating spermatids (Fig. 5 , B and C) and was retained in stage V elongated spermatids. This result suggests that the YRS is unable to mediate translational repression in its normal location. It also suggests that the TCE is the essential element for translational repression in the context of the full-length 3Ј UTR.
DISCUSSION
The results presented here demonstrate that a conserved sequence in the 3Ј end of the Prm1 3Ј UTR, the TCE, is required for translational control of the Prm1 gene. A sequence with partial complementarity to the TCE, or the secondary structure formed between the TCE and its complement, do not appear to be required. The TCE sequence adjacent to the poly(A) signal is highly conserved among the Prm1 and Prm2 3Ј UTRs of several different species. It is the most conserved region of the Prm1 mRNA, including the coding sequence.
The Prm1 mRNA contains two copies of the TCE. A transgene containing only the distal TCE is translationally repressed [6] , suggesting a single copy of the TCE is sufficient for translational regulation. We have not yet tested the proximal TCE independent of the 3Ј-most element. Two copies of the TCE might confer an advantage to the endogenous transcript, although a single copy appears to be sufficient to repress the translation of the hGH reporter mRNA. Redundant translational control elements are common in other systems as well. For example, the 15-lipoxygenase (Lox) mRNA contains 10 copies of a tandem repeat in its 3Ј UTR, but as few as two repeats are sufficient for hnRNP K and E1 binding and translational repression in a rabbit reticulocyte lysate [16] .
It has been shown that the YRS element is also sufficient for translational repression [4] . However, as shown here, the YRS is not able to confer Prm1-like translational regulation in its normal position. This result suggests that the ability of the YRS to repress translation in earlier experiments was due to its proximity to the 3Ј end of the message. The normal position of the TCE close to the poly(A) tail, and the ability of the YRS to inhibit translation when positioned similarly, suggest that the mechanism of TCE repression could be position dependent.
The Y-and H-boxes have also been implicated in protamine translational regulation [9] . A 4-nt linker sequence was introduced between the first and the second nucleotide of the H-box during cloning of the Prm1 1-156(TCE*) transgene (see Fig. 1A ), therefore we cannot conclude whether the H-box functions in translational repression from this experiment. However, proper translational regulation of the Prm1 95-156 transgene, which lacks both the Y-and H-boxes, suggests that the Y-and H-boxes are not required [6] .
The protamine mRNAs are packaged into mRNPs during translational silencing. Polysome analysis indicates the unrepressed Prm1 71-156(TCE*) mRNA is partly contained in mRNPs. Schmidt et al. has also reported that mRNAs that are not under translational control can be assembled into mRNPs during spermiogenesis [17] . These results suggest that there may be different types of mRNPs in round spermatids. Messages that are not under translational control may either be bound by ribosomes or captured in translationally competent but untranslated mRNPs. These mRNPs may remain untranslated due to weak translation initiation signals or the failure to compete for a limited pool of ribosomes. Messenger RNAs that are subject to translational control may be bound by translational repressors and actively recruited into translationally repressed mRNPs. Future studies will be directed toward identifying the unique and shared components of these mRNPs.
